Genetic and epigenetic factors may predispose women to polycystic ovary syndrome (PCOS), a common heritable disorder of unclear etiology. Here we investigated differences in genome-wide gene expression and DNA methylation in adipose tissue from 64 women with PCOS and 30 controls. In total, 1720 unique genes were differentially expressed (Q < 0.05). Six out of twenty selected genes with largest expression difference (CYP1B1, GPT), genes linked to PCOS (RAB5B) or type 2 diabetes (PPARG, SVEP1), and methylation (DMAP1) were replicated in a separate case-control study. In total, 63,213 sites (P < 0.05) and 440 sites (Q < 0.15) were differently methylated. Thirty differentially expressed genes had corresponding changes in 33 different DNA methylation sites. Moreover, a total number of 1913 pairs of differentially expressed "gene-CpG" probes were significantly correlated after correction for multiple testing and corresponded with 349 unique genes. In conclusion, we identified a large number of genes and pathways that are affected in adipose tissue from women with PCOS. We also identified specific DNA methylation pathways that may affect mRNA expression. Together, these novel findings show that women with PCOS have multiple transcriptional and epigenetic changes in adipose tissue that are relevant for development of the disease.
adipose tissue morphology and function, as evidenced by enlarged subcutaneous adipocytes and decreased secretion of adiponectin-two factors that are strongly associated with insulin resistance 9 . Further, subcutaneous adipocytes from women with PCOS are resistant to insulin-stimulated glucose uptake and display inhibited lipolysis 11, 12 . Moreover, altered adipose tissue expression of genes such as PPARG, LEPR, TWIST1, CCL2 that may be important in PCOS pathophysiology have been identified [13] [14] [15] [16] [17] [18] . These findings indicate that adipose tissue dysfunction may contribute to the pathogenesis of PCOS including insulin resistance and hyperandrogenism.
Emerging evidence from women with PCOS and from prenatally androgenized animal models suggests that maternal androgen excess predisposes offspring to PCOS 19 . An unfavorable intrauterine environment may lead to epigenetic changes that alter gene expression and increase risk of disease in adulthood 20 . Several lines of evidence support a role for epigenetic mechanisms in metabolic disturbances. For example, differential DNA-methylation in adipose tissue from subjects with T2D is associated with differential expression of genes involved in oxidative phosphorylation, mitochondrial function, and the metabolism of carbohydrates, amino acids, and lipids, all of which are relevant to the development of disease 21 . The possibility of an epigenetic component of PCOS was only recently explored [4] [5] [6] . Although hampered by minimal sample size 22, 23 , these studies revealed differential DNA methylation and gene expression profiles in ovarian tissue within pathways related to the pathogenesis of PCOS. Also, epigenetic modification of PPARGC1A has been reported in granulosa cells from women with PCOS 24 . Nevertheless, knowledge concerning the role of epigenetics in PCOS is limited. The genome-wide DNA methylation pattern has not been explored in human adipose tissue from women with and without PCOS, and genome-wide expression profiles have not been linked to the epigenome until just recently 25 . Therefore, our aim was to investigate genome-wide gene differences in expression and DNA methylation patterns in adipose tissue from 64 women with PCOS and 30 controls. In a separate case-control study, key findings were replicated in adipose tissue from 42 unrelated women.
Results
Clinical Characteristics. The characteristics of women in the two cohorts are presented in Table 1 . In cohort 1, women with PCOS were older (30.0 ± 4.4 vs 27.6 ± 3.54) and had a higher BMI. (28.4 ± 7.1 vs 24.8 ± 5.0) Therefore, all analyzes in cohort 1 were adjusted for age and BMI including clinical characteristics, genome-wide gene expression and methylation. Women with PCOS had a higher HOMA-IR (homeostatic model assessment of insulin resistance) and higher levels of HbA1c and circulating testosterone than controls, and a lower glucose disposal rate (GDR) as measured by euglycemic hyperinsulinemic clamp. In cohort 2 replication was performed in cases and controls that were overweight or obese and matched for age (± 5 years), weight (± 4 kilogram), and body mass index (BMI) (± 2) with controls. Women with PCOS in cohort 2 had higher HOMA-B (reflecting insulin secretion) and circulating testosterone levels and larger adipocytes than controls (Table 1) .
Phenotypic presentation. In cohort 1, 49 of the 64 women with PCOS met all three criteria for PCOS:
hyperandrogenism, irregular cycles, and PCO morphology; 15 had hyperandrogenemia and PCO morphology. In cohort 2, 13 of the 21 women with PCOS met all three PCOS criteria; two had hyperandrogenemia and PCO morphology, one had hyperandrogenemia and irregular cycles, and five had irregular cycles and PCO morphology.
Differential expression in adipose tissue.
To investigate differential gene expression in adipose tissue, we used Illumina Expression BeadChips to analyze subcutaneous adipose tissue from the 64 women with PCOS and the 30 controls in cohort 1. Each chip has 47,000 probes that represent well-characterized genes and unknown splice variants. A false-discovery rate (FDR) < 5% (Q < 0.05) was used to correct for multiple testing. After correction, 1899 probe sets, representing 1769 annotated transcripts and 1720 unique genes (Q < 0.05), were differentially expressed in adipose tissue from women with PCOS and controls (Table S1 ). Of the 1720 unique genes, 912 were down-regulated (by up to 57%) and 808 were up-regulated (by up to 58%) in women with PCOS (Table S1) .
Next, all differentially expressed genes (P < 0.05) were analyzed with Ingenuity Pathway Analysis software to identify biological canonical pathways. All significantly up-and down-regulated gene sets are presented in Table 2 . A selection of significantly up-and down-regulated canonical pathways relevant to PCOS and T2D-PI3K/AKT, ERK/MAPK-, androgen, TGF-β , IGF-1, NGF, telomerase, and NRF2-mediated oxidative stress response signaling pathways-are shown in Fig. 1A -H. All genes contributing to significantly up-regulated and down-regulated canonical pathways are presented in Tables S2 and S3, respectively. Fifty genes whose expression in adipose tissue differed the most between women with PCOS and controls (Q < 0.05) are presented in Table 3 . Among the most up-regulated genes (expression range 34.8% to 57.8%) we found genes associated with hormone/aromatase activity and metabolic disturbances (e.g., CD74, APOLD1, CYP1B1, and UCP2). Among the most down-regulated genes (expression range -28.7% to -57.4%) were those involved in metabolic disturbance, including T2D, glycerol and lipid processes (e.g., SLC7A10, UGP2 and GPT).
Next we investigated whether genes linked to PCOS, T2D, and obesity in published GWAS (P < 5 × 10
5
; http:// www.ebi.ac.uk/gwas, accessed on August 20, 2015) were differently expressed in adipose tissue from women with PCOS versus controls (Q < 0.05). We found one out of nineteen PCOS candidate genes, RAB5B 26 , expressed at a lower level in adipose tissue from women with PCOS (Table 4) . Additionally, 18 out of 597 T2D candidate genes (e.g., PPARG 27 , SVEP1 28 , and IRS1
29
) and five out of 1238 obesity candidate genes (e.g. RTN4 30 and LEPR
31
) were differentially expressed in adipose tissue from women with PCOS (Table 4) .
Replication of differential mRNA expression. We proceeded to replicate differential gene expression in cohort 2. Selected differentially expressed genes were (1) among those with largest fold change e.g.: CYP1B1
32
, which was up-regulated and is involved in metabolism of sex steroids and adipogenesis, and GPT 33 , which was down-regulated and is involved in glucose and amino acid metabolism; (2) among candidate genes identified in GWAS studies of PCOS 26 (RAB5B, involved in regulation of intracellular vesicle transport), T2D [27] [28] [29] (PPARG, SVEP1, and IRS1, involved in fatty acid storage and glucose metabolism), and obesity 30 (RTN4, a multifunctional gene linked to extreme obesity); and (3) among genes with overlapping with methylation (DMAP1), which is involved in DNA methylation and regulation of obesity-related inflammation and cancer 34 , all with a Q < 0.05 ( Fig. 2A , Table S4 ).
Six of the 20 selected genes were successfully replicated in cohort 2, as shown by significant expression differences in the same direction as in cohort 1 (Fig. 2B , Table S4 ). The mRNA expression of CYP1B1 was higher and the mRNA expression of GPT, RAB5B, PPARG, SVEP1, and DMAP1 was significantly lower in adipose tissue of women with PCOS. IRS1 and RTN4 were differentially expressed but in directions opposite to those in cohort 1. The expression of CD74, the gene with the largest increase in expression in cohort 1, was upregulated in cohort 2, although not significant (P = 0.061), and the expression of ADIPOR2 was down regulated (P = 0.069) ( Table S4) .
Next we preformed western blot (WB) analyses as protein expression is more relevant for biological functions. Protein expression of CYP1B1 was higher in adipose tissue of women with PCOS compared with controls ( Fig. 2C ) reflecting differential gene expression obtained from BeadChip gene expression array and in the replication cohort 2 ( Fig. 2A,B) . Protein expression of PPARG displayed a week trend to be lower (Fig. 2D) . The WB analyses are hampered by small sample size and big variations. Genome-wide DNA methylation analysis in adipose tissue from women with PCOS. Next we used Illumina Infinium HumanMethylation450k array BeadChips to evaluate the global DNA methylation pattern in adipose tissue from women in cohort 1. After quality control and filtering, methylation data was obtained in 483,317 CpG sites. The average levels of DNA methylation for these sites were grouped based on their location in relation to the nearest gene (Fig. 3A ) or in relation to CpG islands (Fig. 3B ). We found no differences in average adipose tissue DNA methylation between women with PCOS and controls. Of the 483,317 CpG sites, 63,213 (13%) were differentially methylated in adipose tissue from women with PCOS and controls (P < 0.05) (Table S5 ). This is 2.6 times more than the expected number with a P < 0.05 (a P value threshold of 5% may yield a false positive rate of 5% in the dataset) and significantly more than would be expected by chance (chi-square test P < 0.0001). After FDR correction, 440 CpG sites were differentially methylated (Q < 0.15), Table S6 . The most significant CpG site was cg13496119, annotated to LOC100129345 (Q = 0.046, P < 0.000). This uncharacterized locus of unknown function belongs to long noncoding RNAs associated with chromatin remodeling and transcriptional regulation. As judged from absolute difference in DNA methylation between cases and controls, methylation decreased at 22,314 sites ( Fig. 3C ) and increased at 40,899 sites (Fig. 3D ). The majority of differentially methylated sites were in the gene body, intergenic regions, CpG islands, and "open sea" regions ( Fig. 3E,F) .
To assess the biological relevance of differently methylated genes in adipose tissue from women with PCOS and controls, we used Ingenuity Pathway Analysis software to analyze the 48,426 transcripts annotated to the 63,213 differentially methylated CpG sites (P < 0.05). All significantly up-and down-regulated gene sets with differential methylation are presented in (Table S7) . Significantly up-regulated canonical pathways relevant to PCOS and T2D are the Wnt/β -catenin and planar cell polarity signaling pathways, which regulate glucose transporters, mitochondrial biogenesis, and adipogenesis 35 ; and oxidative stress and reactive oxygen species in the macrophage signaling pathway 36 , all involved in glucose regulation, energy metabolism, and obesity. A significantly down-regulated pathway of importance is the NRF-2-mediated oxidative stress response pathway, which helps regulate a wide range of genes in response to environmental stress 37 . Importantly, the NRF-2-mediated oxidative stress response pathway was among the significant gene sets for both differential gene expression and methylation. Differentially methylated genes contributing to up-regulated and down-regulated top canonical pathways are presented in Tables S8 and S9, Next we investigated whether genes previously linked to PCOS, T2D, and obesity in published GWAS (P < 5 × 10 5 ; http://www.ebi.ac.uk/gwas, accessed on August 20, 2015) were differently methylated in adipose tissue from women with PCOS and controls (Q < 0.15). This analysis identified four out of 597 T2D candidate genes (ARF5 38 , GALNTL4 39 , R3HDML 40 , and PSMD6 40 ) and one obesity candidate gene out of 1238 (PROX1 41 ) (Table 5 ), but no PCOS candidate gene. DNA methylation (P < 0.05) in the replicated genes ( Fig. 2A,B) is shown in Fig. 2E .
Finally, based on data by Chen et al. 42 , potentially cross-reactive probes among our differentially methylated CpG sites with P < 0.05 are presented in Table S10 .
Overlap and associations between gene expression and DNA methylation. Since mRNA expression can be regulated by epigenetic modifications, we next investigated whether genes whose mRNA expression in adipose tissue differed in women with PCOS and controls also differed in DNA methylation. For this analysis, we merged the mRNA expression data and the DNA methylation data (cohort 1). All genes that were differentially expressed (P < 0.05) were linked to corresponding methylated probes. In total, in 30 individual genes with differential mRNA expression (Q < 0.05), we found a corresponding change in 33 DNA methylation sites (Table S11) . One of these genes, DMAP1, was replicated in cohort 2 and is involved in DNA methylation and regulation of obesity-related inflammation and developing cancer 34, 42 ; its mRNA expression was also replicated in cohort 2. Of note, a large number of DNA methyltransferases (DNMTs) genes, a family of enzymes catalyzing the transfer of a methyl group to DNA, were differentially methylated in women with PCOS compared with controls (Table S12) . Next, to investigate direct correlations between gene expression and DNA methylation, we performed Spearman's with correction for multiple testing. We included mRNA expression of the 5453 annotated transcripts differentially expressed in adipose tissue from women with PCOS (P < 0.05), and DNA methylation of CpG probes located within the cis distance 500 kb upstream and 100 kb downstream of the genes. We identified 1913 pairs of "gene-CpG probes" that were significantly correlated after correction for multiple testing (Q < 0.05) that corresponded to 349 unique genes (Table S13) . 1057 of these correlations were positive (Rho = 0.37-0.61) and 856 were negative (Rho = − 0.37-0.69).
Several probes of CD74, the gene with the highest increase in expression difference, showed a strong positive correlation with DNA methylation (Rho = 0.611-0.687; Q < 0.05) ( Table S13 ). The CD74 molecule is associated with class II major histocompatibility complex (MHC) class II invariant chain that is involved in regulation of adipogenesis and inflammation 43 . The gene with the strongest negative correlation with DNA methylation was the branched chain keto acid dehydrogenase E1 alpha polypeptide provided (BCKDHA) gene (Table S13 ). This gene is involved in metabolic signaling and insulin resistance 44 . Representative correlation between mRNA expression and DNA methylation of CD74, BCKDHA, GPT, and PPARG are shown in Fig. 4A-D. Associations between hyperandrogenemia, glucose homeostasis, or adipocyte size and gene expression or DNA methylation in adipose tissue. Hyperandrogenemia and insulin resistance are the strongest clinical features of PCOS, and adipocytes size is a strong marker for insulin resistance in women with PCOS 9 . Therefore, we tested whether the GDR measured by euglycemic hyperinsulinemic clamp, circulating testosterone measured by LC-MS/MS, or adipocyte size was associated with (1) genes with largest fold changes CD74, CYP1B1 and GPT; (2) candidate genes identified in GWAS studies of PCOS (RAB5B), T2D (PPARG, SVEP1 and BCKDHA), and obesity (RTN4); and, (3) 
Discussion
This study shows that genome-wide mRNA expression in subcutaneous adipose tissue is altered in women with PCOS and that several genes are associated with insulin resistance, adipocyte size, and hyperandrogenemia. Among the top up-and down-regulated canonical pathways relevant to PCOS and T2D, we found gene sets representing the PI3K/AKT, ERK/MAPK, androgen, TGF-β , telomerase, and NRF2-mediated oxidative stress response signaling pathways. We also demonstrate for the first time that genome-wide DNA methylation alterations in adipose tissue were larger than expected. However, correction for multiple testing reduced the number of differentially methylated sites to 440. Also, we found more than 1900 pairs of "gene-CpG probes" that were significantly correlated after correction for multiple testing and corresponded to 349 unique genes. Since PCOS is a polygenic disease, the combined effect of several modest changes in DNA methylation might contribute to the pathogenesis of PCOS. This speculation is supported by other studies demonstrating a relative modest difference (0.13% to 11%) in DNA methylation in different target tissues 45 . Also, an absolute change of a few percent could make a relatively large difference, as we found in a recent study in which the fold change in DNA methylation ranged from 0.54 to 1.84 between the groups 45 . Consistent with these observations, differences of DNA methylation in the present study ranged from 0.24 to 6.28.
We identified several genes with differential mRNA expression and corresponding changes in DNA methylation, indicating that altered DNA methylation may have the potential to influence the expression of corresponding genes. Genes with the largest expression differences e.g. CD74, CYP1B1, and GPT were strongly associated with DNA methylation after FDR corrections. These genes are involved in adipogenesis and inflammatory response (CD74) 46 , in metabolism of sex steroids and adipogenesis (CYP1B1) 47 , and in glucose and amino acid metabolism (GPT) 33 . In candidate genes for PCOS (RAB5B), T2D (PPARG and SVEP1), and methylation (DMAP1) we found that a decrease in mRNA expression was paralleled with an increase in DNA methylation, consistent with previous functional in vitro studies demonstrating that an increase in DNA methylation reduces transcriptional activity 48, 49 . Many of the up-regulated genes had a parallel increase in DNA methylation. One possible explanation is that these CpG sites are in the gene body region, as evidenced by the over-representation of differentially methylated sites we found in this region. Importantly, DNA methylation in the gene body positively affects gene expression 50 .
Although changes in mRNA expression were more pronounced than changes in DNA methylation, we found a large number of differentially expressed genes and methylated CpG sites that were significantly correlated after FDR correction. Of note, changes in methylation can be targets for other kind of transcriptional regulation, microRNAs, or histone modifications. There may also be an interaction between nongenetic, epigenetic, and genetic factors affecting gene expression and subsequent development of polygenic diseases such as PCOS, T2D, and obesity [51] [52] [53] [54] . Support for a genetic effect comes from a study demonstrating that T2D-related single nucleotide polymorphisms (SNPs) are CpG-SNPs, which affect DNA methylation and gene expression in human pancreatic cells 55 , and from studies of multiple tissues from twins 56, 57 . Of note, studies in twins indicate that genetic influences explain more than 70% of PCOS pathogenesis 58 . Nevertheless, recent GWAS have not identified SNPs that could explain this estimated heritability 26, 59 , which therefore might reflect contributions of epigenetic variations. The first GWAS on Han Chinese populations identified more than 10 susceptibility loci for PCOS, including RAB5B 26, 59 . This gene encodes the Ras-related protein RAB5B. Although the functional role of this PCOS Table 4 . Genes previously linked to PCOS, type 2 diabetes (T2D) and obesity in published GWAS with differential expression in adipose tissue from women with PCOS (n = 64) compared with controls (n = 30) (cohort 1).
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acting through Rab5b-dependent post-translational regulation of β 1/β 2 integrins 60 , indicates a functional role of RAB5B in a target tissue.
A very recent GWAS of women of European ancestry who had a classic PCOS phenotype (hyperandrogenism and irregular menstruation) identified two novel genetic susceptibility loci that mapped to chr 8p32.1 and chr 11p14.1 61 . Interestingly, we found differential DNA methylation in all four genes that mapped to the chr 8p32.1 PCOS candidate locus (NEIL2, FDFT1, GATA4, and CTSB) and differential expression of FDF1 and CTSB. Further, we found differential gene expression and DNA methylation of one of the most promising functional candidate genes-ARL14EP, which maps to chr 11p14.1-but no changes in the FSHB expression or methylation in adipose tissue from women with PCOS. In the GWAS study mentioned above, there was no evidence of transcriptional activation and microarray analysis revealed low levels in adipocytes.
We also found that two T2D susceptibility genes, PPARG 27 and SVEP1 28 , followed the same pattern of decreased expression and increased DNA methylation, and both showed a strong negative correlation between "gene-CpG probes" after multiple corrections. PPARG, a master regulator of adipocyte differentiation, directly controls the expression of genes involved in lipid transport and metabolism, adipokine production, and insulin signaling 62 ; it is a target for insulin-sensitizing drugs such as glitazones, which improve plasma glucose maintenance in patients with T2D 63 . Previously we found higher levels of DNA methylation of PPARG in adipose tissue in subjects with T2D than in controls 21 . PPARG also protects against vascular calcification by inducing Table 5 . Genes previously linked to type 2 diabetes and obesity in published GWAS with differential methylation (Q < 0.15) in adipose tissue from women with PCOS (n = 64) versus controls (n = 30) (cohort 1).
the expression of secreted frizzled-related protein-2, a Wnt5a antagonist. Targeting the Wnt/β -catenin signaling pathway may have clinical implications in the context of common complications of atherosclerosis, T2D and obesity 64, 65 . Of interest, we found DNA methylation activated gene sets in the Wnt/β -catenin signaling pathway in adipose tissue in the present study. Previous studies have implicated that Wnt signaling activation of β -catenin, a negative co-activator, and PPARG might dysregulate adipogenesis 66 . PPARG gene expression was positively associated with insulin sensitivity (GDR) and negatively associated with adipocyte size and testosterone, although these associations did not survive after adjustment for BMI. Further, many of the significant canonical pathways included gene sets with differentially methylated genes or with differential gene expression in human adipose tissue that are similar to pathways detected in adipose tissue of prenatal androgenized rhesus monkeys 67 (e.g., the Wnt/β -catenin and TGF-β signaling pathways). These findings support the hypothesis that maternal androgen excess causes an unfavorable intrauterine environment and leads to epigenetic changes that contribute to the development of insulin resistance and altered molecular signaling pathways in adipose tissue of women with PCOS.
SVEP1, another gene associated with T2D 28 , encodes a cell-adhesion molecule expressed by cells related to skeletal tissues. Hypermethylation of SVEP1 decreases its expression 68 , consistent with our finding of decreased mRNA expression and increased DNA methylation of SVEP1 in adipose tissue in women with PCOS; however, SVEP1 mRNA expression correlated negatively with adipocyte volume after adjustment for BMI.
IRS1, a substrate of insulin receptor tyrosine kinase, have a central role in the insulin stimulated signaling and is a candidate gene of T2D 69 . We were not able to replicate the expression found in cohort 1. Instead there was a trend towards decreased mRNA expression of IRS1 was (P = 0.058) in cohort 2. Of note, cohort 1 includes normal, overweight and obese subjects and all these analyses were corrected for BMI. The decrease in IRS1 mRNA expression may reflect that the replication cohort was overweight -obese. This is further supported by the fact that when dividing cohort 1 into lean vs overweight -obese, the IRS1 mRNA expression was lower among the overweight -obese women (mean ± SD) 318.2 ± 113.4 vs 232.4 ± 71.8, P < 0.001). This phenomenon has previously been demonstrated in e.g. Pima Indians there IRS1 mRNA expression is approximately 1.8 fold lower in adipocytes from obese subjects compared with normal weight subjects 70 . The results in the present study is in agreement with a recent study demonstrating that the insulin signaling pathway in subcutaneous adipose tissues is not the major contributor to the pathogenesis of PCOS 71 . DNA methylation is important in many biological processes, such as regulation of transcription, genomic imprinting, chromatin structure, and silencing of repetitive DNA elements 72 . Abnormal DNA methylation is common in human cancers and contributes to tumorigenesis 73 . DNA methylation in mammalian cells is carried out by DNMTs. DNMT1-associated protein (DMAP1) has an intrinsic repressive activity and helps maintain DNA methylation in a heritable manner 74 . Interestingly, a large number of DNMTs were differentially methylated in adipose tissue form women with PCOS. These finding further support the hypothesis that maternal androgen excess 75 can induce epigenetic changes 57 . Adipose tissue is composed of many cell types, and changes in cell composition may have contributed to the differences in gene expression and DNA methylation we observed. Previously, we showed that there is no major impact of cellular composition or inflammatory response on observed associations in DNA methylation in adipose tissue and BMI and HbA1c 53 . Although adipocyte isolation per se may affect gene expression and DNA methylation, it would be of interest to investigate genome-wide gene expression and DNA methylation in adipocytes from different fat depots. Future studies should also investigate the role of additional epigenetic mechanisms, including miRNAs and histone modifications which may be of importance in PCOS. Analyzes in the present study is limited to subcutaneous adipose tissue. Visceral fat accumulation is an independent risk factor of T2D 76 . The visceral fat depot is drained by the portal venous system leading to a direct supply of free fatty acids, and may therefore be considered as more metabolic active 77 . However, different genes may have different functions in the two depots; e.g. PPARG have a twofold higher mRNA expression in subcutaneous than in visceral adipose tissue in lean/overweight subjects 78 . In contrast, in obese subjects, mRNA expression of PPARG was similar in the two depots. Of note, in the present study including both lean and overweight/obese women with PCOS displayed lower PPARG expression independent of BMI. Women with PCOS display a "male like" fat distribution with abdominal (subcutaneous and visceral) fat accumulation 79 . Few studies have investigated differences between gene expression in subcutaneous and visceral fat depots in women with PCOS with no major differences 15, 80 . Another limitation is the cross sectional design and that we have only 30 controls compared with 64 cases, although to date this study is the largest investigating genome wide DNA methylation and expression in women with PCOS.
In conclusion, we identified a large number of genes and pathways that are affected in adipose tissue from women with PCOS. We also identified specific DNA methylation pathways that may affect mRNA expression. Together, these novel findings show that women with PCOS have multiple transcriptional and epigenetic changes in adipose tissue that are relevant for development of the disease.
Material and Methods
Study participants. Cohort 1 consisted of 64 women with PCOS and 30 controls who had successful subcutaneous adipose tissue biopsies and were previously described in detail 9 . Case-control cohort 2 consisted of 21 women with PCOS and 21 controls matched pairwise for age, weight, and BMI were included for replication of the findings in cohort 1. All women provided oral and written informed consent. The two studies were conducted at the Sahlgrenska Academy, University of Gothenburg and at Sahlgrenska University Hospital, Gothenburg, Sweden, in accordance with the Declaration of Helsinki and were approved by the Regional Ethical Review Board of the University of Gothenburg. After all relevant clinical information was obtained, samples were coded and anonymized.
Subject recruitment, exclusion and inclusion criteria are described in detail in Supplementary Material and Methods.
Clinical examination. Body weight and height were measured in subjects wearing light clothing; body mass index was calculated as kg/m 2 . Waist circumference was measured between the lower rib and iliac crest. In controls, blood samples were obtained in the morning after an overnight fast during the early follicular phase (days 1-7 of the menstrual cycle) to match the hormonal milieu of PCOS subjects and to avoid the preovulatory estrogen rise. Fasting blood samples were collected independently of cycle day in women with PCOS as the majority had oligo/anovulation. Subcutaneous abdominal adipose tissue biopsies were obtained under local anesthesia and immediately isolated for measurement of adipocyte size 9 or snap frozen in liquid nitrogen and stored at − 80 °C. Whole-body glucose homeostasis was measured by euglycemic hyperinsulinemic clamp with calculation of GDR, and by calculation of HOMA-IR and HOMA-B Biochemical analyses. Plasma glucose was measured at 37 °C with an enzymatic photometric method (Roche Diagnostics, Mannheim, Germany) in cohort 1 and by One Touch Ultra2 (LifeScan) in cohort 2. Serum insulin was measured with an immunometric two-step sandwich method and chemiluminescence (Advia Centaur Insulin ReadyPack; Bayer HealthCare). Estrogen and testosterone were measured by gas chromatography-tandem mass spectrometry, and SHBG was analyzed by chemiluminescent microparticle immunoassay as described 10, 81 .
RNA and DNA Extraction from Adipose Tissue. For gene expression array studies, RNA was extracted with the RNeasy Lipid tissue Mini Kit (Qiagen). For methylation array studies, DNA was isolated with the QIAamp DNA Mini Kit (Qiagen). Nucleic acid concentrations and purity were estimated with a NanoDrop spectrophotometer (Thermo Scientific). DNA integrity was also checked by gel electrophoresis, and RNA quality was determined with an automated electrophoresis station (Experion, Bio-Rad).
Expression Arrays and quantitative real-time PCR.
To assess the global mRNA expression profile in adipose tissue, we analyzed isolated mRNA with high abundance with microarray HumanHT-12 v4 Expression BeadChip (Illumina). cRNA synthesis, including biotin labeling, was carried out using Illumina TotalPrep RNA Amplification Kit (Life Technologies & Invitrogen) according to manufacturer's recommendations. Biotin-cRNA complex was then fragmented and hybridized to the probes on the Illumina BeadChip array. Probes were hybridized and stained with streptavidin-Cy3 before visualization with Illuminas HiScan fluorescence camera. The Oligo package from Bioconductor was used to compute Robust Multichip Average expression measures 82 .
In cohort 2, quantitative real-time PCR analysis of selected genes (Table S4 ) was validated with custom TaqMan gene expression array micro fluid cards (Life Technologies) i.e. the replication cohort. Samples were run in duplicate; the amount of cDNA in each loading port was equivalent to 100 ng of mRNA. The arrays were run according to the manufacturer's protocol with a QuantStudio 7 Flex Real-time PCR System and QuantStudio 7 software (Life Technologies). Candidate reference genes (GAPDH, LRP10, and CLN3) were validated with NormFinder algorithm; from this algorithm, the combination of LRP10 and CLN3 was used as the reference control. Gene expression values were calculated with the ΔΔC q method (i.e., RQ = 2
−ΔΔCq

).
Immunoblot Analysis. To analyze protein expression in adipose tissue homogenates we used antibodies against CYP1B1 (AV51761, Sigma-Aldrich, Stockholm Sweden) and PPARG (ab191407, Abcam, Cambride, UK). Briefly, samples were centrifuged at 13,000 g for 10 min at 4 °C and protein concentration was determined with a Direct Detect ™ spectrometer (Millipore, Billerica, USA). 50 μg of total protein was loaded on Criterion ™ TGX (Tris-Glycine eXtended) Stain-Free ™ precast gels (Bio-Rad) and transferred to nitrocellulose midi-membrane in the Trans-Blot ® Turbo ™ Transfer System (Bio-Rad). GAPDH was used as a loading control and for normalization.
DNA Methylation Arrays.
Genome-wide DNA methylation in adipose tissue was analyzed with Illumina Infinium HumanMethylation450k array BeadChips. The array contains 485,577 cytosine probes covering 21,231 (99%) RefSeq genes 83 . A Zymo Methylation Kit (D5001-D5002, Zymo Research) was used to convert genomic DNA to the bisulfite-modified DNA. Briefly, gDNA (500 ng) of high quality was fragmented and hybridized on the BeadChip, and the intensities of the signal were measured with a HiScanQ scanner (Illumina). The methylation values for each CpG site are presented as a β -value ranging from 0 (unmethylated) to 100% (completely methylated).
The bioinformatics analyses were performed as described 21, 53 . In brief, Y chromosome probes, rs-probe, and probes with average detection p-value > 0.01 were removed. After quality control and filtering, methylation data was obtained in 483,317 CpG sites. Beta-values were converted to M-values (M = log2 (β /(1 − β ), which were used for all data analyses. Data were then quantile normalized and batch corrected with COMBAT 84 . A linear regression model was used to identify differences in DNA methylation between women with PCOS and controls. To improve interpretation, after all the preprocessing steps, data were reconverted to beta-values, which are presented in tables and figures.
Ingenuity pathway analysis. Ingenuity Pathway Analysis (Qiagen) was used for core analyses of data from the gene expression array and DNA methylation array so we could interpret the outcome and make predictions based on known libraries. Fold change and Q-and P-values were calculated before data entry, and thereafter uploaded for Ingenuity Pathway Analysis. Q < 0.05 was used as the cut-off for gene expression and P < 0.05 for DNA methylation. Top canonical pathways are based on the P-value overlap of genes in our dataset with molecules in the canonical pathway.
Statistics. Differences between clinical characteristics in cohort 1 were based on ANCOVA with adjustment for age and BMI. Fisher's permutation test was used for comparisons of clinical characteristics in cohort 2; no adjustments for age and BMI were needed, as the cases and controls were matched for age, weight, and BMI. DNA methylation differences between cases and controls in cohort 1 were based on linear regression including batch, age and BMI. The Mann-Whitney U test was used for expression analyses. FDR was used to correct for multiple testing in the analyses of gene and methylation arrays. The chi-square test was used to calculate whether the differentially methylated sites were more than the expected number by chance. Also, differentially expressed genes with a Q < 0.05 were merged with corresponding probes in the methylation data. For these analyses, a CpG site was annotated to the nearest gene. Correlations in women with PCOS plus controls (cohort 1) between DNA methylation and gene expression of selected genes and GDR and testosterone were analyzed by Spearman´s correlation with correction for multiple testing. Data are presented as mean ± SD.
